Abstract In this study, a simple dual sludge process was developed for small sewage treatment. It is a hybrid system that consists of upflow multi-layer bioreactor (UMBR) as anaerobic and anoxic reactor with suspended growth microorganisms and post aerobic biofilm reactor with inclined plates. UMBR is a multifunction reactor that acts as primary sedimentation tank, anaerobic reactor, anoxic reactor, and thickener. The sludge blanket in the UMBR is maintained at a constant level by automatic control so that clear water (30 mg-SS/L) can flow into the post aerobic biofilm reactor. It leads to improving performance of the biofilm reactor due to preventing of excess microbial attachment on the media surface and no requirment for a large clarifier caused by low solid loading. The HRT in the UMBR and the aerobic biofilm reactor were about 5.8 h and 6.4 h, respectively. The temperature in the reactor during this study varied from 12.5 8C to 28.3 8C. The results obtained from this study show that effluent concentrations of TCOD, TBOD, SS, TN, and TP were 29.7 mg/L, 6.0 mg/L, 10.3 mg/L, 12.0 mg/L, and 1.8 mg/L, which corresponded to a removal efficiency of 92.7%, 96.4%, 96.4%, 74.9%, and 76.5%, respectively. The sludge biomass index (SBI) of the excess sludge in the UMBR was about 0.55, which means that the sludge in the UMBR was sufficiently stabilized and may not require further treatment prior to disposal.
Introduction
Biological nutrient removal processes in the wastewater treatment field are increasingly being used in South Korea. This is the result of concerns about the effects of nitrogen and phosphorus in the environment, and has been promoted by the wide array of effective and economical nutrient removal technologies that have become available in the marketplace for both small and large WWTPs (Foess et al., 1999) .
With the aim to develop better process stability, operational simplicity, and energy thrifty processes some researches have focused on combinations of the anaerobic and aerobic process, such as UASB-attached aerobic filter, anaerobic baffled reactor-activated sludge system (Collivignarelli et al., 1990; Chernicharo and Machado, 1998; Garuti et al., 1992) . However, partial denitrification and poor removal of organic matter in an anaerobic reactor at low temperature caused a lack of an appropriate post-treatments process to remove residual organics and nitrogen (Bodik et al., 2003) . Because the mean atmospheric temperature of winter in South Korea is about 0.4 8C, these systems are not suitable in South Korea.
In this study, we developed a simple dual sludge system. It is a hybrid system using dual sludge that consists of an upflow multi-layer bioreactor (UMBR) as anaerobic/anoxic reactor with suspended growth microorganisms and aerobic biofilm reactor with inclined plate for clarification. The sludge blanket layer in the UMBR is separated from the clear water layer by the automatic control of the interface between the two phases, and supernatant of below 30 mg TSS/L flow into post aerobic biofilm reactor. This leads to no requirement for a large final clarifier and prevention of excess microbial attachment on the biological media surface. Nitrified solution and detached biomass from the aerobic biofilm reactor were recycled to the UMBR in order to denitrify nitrate to nitrogen gas and unify the drain port of the excess sludge.
The UMBR acts as a primary settling tank, anaerobic/anoxic reactor, thickener and requires low energy by mixing using the upflow stream. Plug flow reaction by the upflow mode can be allowed to maintain high biomass. In order to overcome defects of a fixed influent distributor in UASB (upflow anaerobic sludge blanket), distributors at the bottom of the UMBR are attached to rotating shaft at a low revolution rate to uniformly feed influent and to prevent channeling effects (Kwon et al., 2003) .
The post aerobic reactor consists of a nitrification part with biological media and a clarification part with inclined plates. Because most of the biodegradable organic matter can be removed by denitrification in the UMBR, most aerobic biofilm reactors being available for nitrification, such as trickling filters, rotating biological contactor (RBC), soil trench, and fixed or suspended biofilm reactors, can be applied in this system. An existing aerobic biofilm reactors can be easily retrofitted to this system by adding a UMBR.
In this study, a simple combined-system of an UMBR and aerobic biofilm reactor with inclined plates was applied to sewage treatment. The performance of the pilot scale plant was evaluated during 6 months. Full-scale plants are operating and under construction.
Materials and methods

System description
The pilot scale plant consists of an UMBR and an aerobic biofilm reactor without a large clarifier (Figure 1(a) ). The UMBR is used as anoxic reactor, primary settling tank, and thickener. Raw sewage and nitrified solution, circulated from post aerobic reactor, are fed uniformly by distributors at the bottom of the UMBR and overflowed supernatant at the top of the UMBR flow into the aerobic biofilm reactor. The distributor at the bottom of the UMBR is attached to a rotating shaft at the low revolution rate (tip speed ¼ 4-5 m/ min) to prevent channeling. The UMBR is divided into sludge blanket layer, supernatant layer, and thickening layer. The thickening layer below the distributor is used as the sludge thickener in which excess sludge can be concentrated in the range from 20,000 mg/ L to 40,000 mg/L. Ratio of the sludge blanket layer to the total volume of the UMBR is about 50 -60%. When the sludge blanket level detected by optical or ultrasonic sensor in the UMBR is higher than the set point, excess sludge in the thickening layer is automatically drained by a discharge pump. The aerobic biofilm reactor comprises a nitrification zone and clarification zone. The nitrification zone is filled with biological media and the clarification zone is equipped with inclined plates.
Pilot-scale plant
The UMBR has a capacity of 7.5 m 3 , an internal diameter of 2.0 m and a height of 2.4 m.
The nitrification zone of the aerobic biofilm reactor has a capacity of 5.5 m 3 , a width of 2.2 m, a length of 1.1 m, and a height of 2.0 m. The fixed biological media used as this system was rope-like fiber which was composed of Y-shaped nylon multifilaments and nylon monofilaments (BC PLUS , Hyosung Chemicals, Korea). Surface area and void volume of biological media in the aerobic biofilm reactor were more than 1.0 m 2 /m and 95%, respectively. The rope-like fiber of 200 m was installed in the nitrification zone.
The clarification zone of the aerobic biofilm reactor has a capacity of 3.5 m 3 , a width of 2.2 m, a length of 0.8 m, and a height of 2.0 m. Polyvinylchloride (PVC) plates of 2 mm thickness were spaced 100 mm apart and the angle of inclination of the plates was about 608 to the horizontal. The dimension of each plate was a width of 1.0 m, a length of 0.7 m, and a height of 1.0 m. Air supplied by a ring blower was diffused into the aerobic biofilm reactor using membrane disc spargers. The process fluid transport in this system was provided by eccentric screw pumps. The influent and internal recycle pumps were controlled automatically by the flow meter and variable frequency inverter, which allow the pilot plant to be operated under typical daily flow conditions (Figure 1(b) ).
Analysis
Sample collection and analysis were carried out periodically during this study. Influent and effluent were collected by the refrigerated sampler and sent to an off-site laboratory for analysis. The following parameters were tested by laboratory: pH; SS; chemical oxygen demand (COD); biological oxygen demand (BOD); ortho-phosphate; ammonia; nitrate; nitrite; and ORP. On site analysis included dissolved oxygen, temperature, oxidation and reduction potential (ORP), pH, and sludge volume index (SVI) in each unit process of the pilot. Analytical methods for this study were measured according to Standard Methods (APHA, 1992). The results obtained by both laboratories for the common parameters showed very close agreements. Therefore, combined results for the common parameters are presented in the following section. Operation conditions for the pilot scale plant during this study are summarized in Table 1 . The average inflow rate was 31 m 3 /d and total hydraulic retention time (HRT) was 12.3 h. The average HRT of the sludge blanket layer in the UMBR and nitrification zone in the aerobic biofilm reactor were about 3.5 h and 3.7 h. Solid residence time (SRT) in the UMBR was 8.3 days. Because of feeding raw sewage without primary settling, there are daily differences in SRT according to SS concentration of influent sewage. The average MLSS (mixed liquor suspended solid) of the sludge blanket in the UMBR varied from 6800 mg/L to 11,200 mg/L with depth. However, excellent removal rate of nitrate and organic matter were obtained because high MLSS concentration of more than 10,000 mg/ L was maintained at the bottom of the UMBR into which influent and nitrified solution were fed. The internal recycle rate from the aerobic reactor was 200% of influent flow rate. The water temperature in the unit process varied from 12.5 8C to 28.3 8C.
Characteristics of raw wastewater
This pilot test was operated at Daejon sewage treatment plant (D-STP) in South Korea. Because D-STP received wastewaters from the adjacent industrial complex as well as household and non-point sources such as stormwater, organic loading rate was higher than others in South Korea. The characteristics of the influent were investigated to evaluate the necessity of a primary settling tank in this system and the results obtained are shown in Table 2 . After primary settling, C/N and C/P ratios were 3.6-4.6 and 24.6 -44.1, respectively. But before primary settling, C/N and C/P ratio were 5.6-6.6 and 21.6 -27.6. BOD/N ratio above 6.0 and BOD/P ratio above 20 can be considered favorably for nitrogen and phosphorus removal, respectively (Randall 1992; Rogalla and Bourbigot, 1990; Chui et al., 1996) . Therefore, raw sewage without primary settling was used in this study because the UMBR could act as primary settling tank.
Organic matter and SS removal
The variation in TBOD in the treatment of sewage by a pilot scale plant is shown in Figure 2 . Results obtained by the pilot scale plant are summarized in Table 3 . Average influent concentrations of TBOD and TCOD during this study were 181.9 mg/L and 483.2 mg/L, respectively. The average effluent concentrations of TBOD and TBOD were 6.0 mg/L and 29.7 mg/L, which corresponded to a removal efficiency of 96.4% and 92.7%, respectively. Because biodegradable organics of more than 90% can be removed in the UMBR, this system has the flexibility to select a suitable post aerobic reactor for nitrification only. Concerning design and technological properties of the UMBR, we expected the UMBR to function satisfactorily as a primary settling tank. This system using raw sewage without primary settling could be of benefit to treatments of low C/N ratio and C/P ratio sewage because influent suspended solid had sufficient content of biodegradable organic matter (see Table 2 ). The influent SS concentrations without primary settling during this study varied from 23.0 mg/L to 960.0 mg/L and average influent SS concentration was 499.8 mg/L. The average effluent SS concentration from the UMBR was 28.1 mg/L, resulting in obtaining good effluent without a large final clarifier and without a settling tank between the two reactors ( Figure 3) . The average SS concentration of the final effluent was 10.3 mg/L, which corresponded to the removal efficiency of 96.4%. ratio, oxidized nitrogen concentration of the UMBR effluent varied from 0.1 mg/L to 7.3 mg/L and average concentration of oxidized nitrogen was 2.3 mg/l, which increased TN concentration of the final effluent to some extent. Nitrification efficiency was very stable even at the overload of TKN (up to influent TNK concentration of 57.3 mg/L), because the aerobic biofilm reactor filled with a biological media attached to the dense biomass was operated at the BOD loading rate by high removal efficiency of the UMBR (. 90%). The average effluent concentrations of TN and TKN were 12.0 mg/l and 3.7 mg/ L, which corresponded to the removal efficiency of 74.9% and 90.1%, respectively. Figure 6 shows TP profiles in each unit reactor during this test. The average TP concentrations of influent and effluent during the whole period of this study were 8.1 mg/L and 1.8 mg/l, which corresponded to a TP removal efficiency of 76.5% without any chemical addition. The TP removal rate in this system was dependent on influent ortho-phosphate loading. It was responsible for dual-sludge operation in which the TP profile was different from that in alternating anaerobic-aerobic single-sludge based on releases and enhanced uptake of ortho-phosphate. Most phosphorus compounds removed in this system were settled and adsorbed through the sludge blanket in the UMBR. The TP removal performance of this system could satisfy Korean environmental legislation below 2 mg P/L, but it resulted from low ratio of phosphate to total phosphorus (0.3 -0.4) in raw sewage. Therefore, we are now developing phosphorus removal media by recycled or natural resources having high aluminium oxide content against increasingly strict legislation.
Phosphorus removal
Excess sludge production
The biomass detached from the biological media was settled in a clarification zone with inclined plates, and was recycled to the UMBR. The excess sludge and detached biomass from the aerobic biofilm reactor was discharged in the UMBR. As shown in Table 4 , TSS concentration of excess sludge in the thickening layer of the UMBR varied from 23,580 mg/L to 39,740 mg/L. Influent TSS loading rate and excess sludge production rate were 15.5 kg-TSS/d and 9.3 kg-TSS/d, respectively. The conversion of influent TSS to excess sludge in this system was lower than that in an activated sludge system. The sludge biomass index (SBI) defined as the ratio of the total volatile suspended solid (TVSS) to the TSS of the excess sludge in the UMBR was measured. The SBI
indicates the fractional amount of total volatile solids remaining in the sludge after digestion and stabilization. The SBI of excess sludge in the UMBR was about 0.55 during this test. This means that the sludge in the UMBR was sufficiently stabilized and may not require further treatment prior to disposal.
Conclusions
The following conclusions can be drawn from the results presented in this study: 1. The simple dual sludge system for nutrient removal was developed in order to reduce labor and minimize monitoring and control port for the automatic operation. It was a hybrid system using dual sludge which consisted of the UMBR as anaerobic and anoxic reactor with suspended growth microorganism and the aerobic biofilm reactor with inclined plates 2. Integration of functions such as anaerobic reactor, anoxic reactor, thickener, and primary settling tank could be accomplished by the UMBR. 3. Most of the biodegradable organics and suspended solid were removed in the UMBR, which makes it easy to select a suitable post biofilm reactor for nitrification only. 4. During the whole period of this test, concentrations of TCOD, TBOD, SS, TN, and TP in the effluent were 29.7 mg/L, 6.0 mg/L, 10.3 mg/L, 12.0 mg/L, and 1.8 mg/L, which corresponded to a removal efficiency of 92.7%, 96.4%, 96.4%, 74.9%, and 76.5%, respectively. 5. Influent TSS loading rate and excess sludge production rate were 15.5 kg-TSS/d and 9.3 kg-TSS/d, respectively. The SBI of excess sludge in the UMBR was about 0.55 during this test, which means that the sludge in the UMBR was sufficiently stabilized and may not require further treatment prior to disposal. 6. Full-scale STPs of more than twenty, such as UMBR-RBC and UMBR-submerged biofilm reactor with pellet-like media, are operating and under construction in South Korea. Operational results of full scale STPs are now being collected. Further studies are under way on other combined systems, such as UMBR-trickling filter, UMBR-constructed wetland, and UMBR-RBC (rotating biological contactor). 
